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Executive Summary 
 

 

The current specifications of the LLNL fusion-fission hybrid proposal, namely LIFE, impose 
severe constraints on materials, and in particular on the nuclear fissile or fertile nuclear fuel and 
its immediate environment. This constitutes the focus of the present report with special emphasis 
on phase formation and phase transformations of the transmutation fuel and their consequences 
on particle and pebble thermal, chemical, and mechanical integrities. We first review the work 
that has been done in recent years to improve materials properties under the Gen-IV project, and 
with in particular applications to HTGR and MSR, and also under GNEP and AFCI in the USA. 
Our goal is to assess the nuclear fuel options that currently exist together with their issues. 
Among the options, it is worth mentioning TRISO, IMF, and molten salts. The later option will 
not be discussed in details since an entire report (Volume 8 – Molten-salt Fuels) is dedicated to 
it. Then, in a second part, with the specific LIFE specifications in mind, the various fuel options 
with their most critical issues are revisited with a path forward for each of them in terms of 
research, both experimental and theoretical. Since LIFE is applicable to very high burn-up of 
various fuels, distinctions will be made depending on the mission, i.e., energy production or 
incineration. Finally a few conclusions are drawn in terms of the specific needs for integrated 
materials modeling and the in depth knowledge on time-evolution thermo-chemistry that controls 
and drastically affects the performance of the nuclear materials and their immediate 
environment. Although LIFE demands materials that very likely have not yet been fully 
optimized, the challenges are not insurmountable, and a well concerted experimental-modeling 
effort should lead to dramatic advances that should well serve other fission programs such as 
Gen-IV, GNEP, AFCI as well as the international fusion program, ITER. 
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Chapter A. Introduction 
 
The LLNL hybrid fusion-fission concept under the acronym LIFE has been proposed to design 
an engine that can achieve very high burn-up (up to 99% FIMA) of the various fuels: NatU, DU, 
HEU, SNM, and WGPu, as well as Thorium, thus eliminating the need for reprocessing and 
minimizing the waste to that of short-lived FP. Hence, the mission envisioned for the LIFE 
engine falls into 4 categories: 

•  Burning of DU and NatU to > 97 % burn-up 
•  Burning of pre-processed LWR SNM to > 97 % burn-up 
•  Burning of excess WGPu 
•  Burning of Thorium 

 

In a LIFE engine, there is an imperative to reach high burn-up as shown in Fig. 1 in the case of a 
DU fuel, where the amount of TRU generated during the life of the engine is plotted as a 
function of burn-up (% FIMA). For the purpose of storing the minimum amount of TRU waste, 
compared to conventional SNF, high burn-up beyond 90% must be achieved [Shaw et al. 2008] 
since for most of the engine life, the fission fuel has a higher concentration of TRU than typical 
spent LWR fuel. 

Thus, this fusion-fission concept requires a research effort on the fundamental science necessary 
to realize very high burn-up (to achieve lower ratio TRU/energy generated than CSNF) and ultra 
high burn-up fuel (to have lower mass concentration of TRU than CSNF, which is the repository-
relevant metric).  What we mean by very-high and ultra-high burn-up is >50% and >90% FIMA, 
respectively, in the original fuel without intervening reprocessing. While such a goal is arguably 
extraordinarily aggressive with regards to the materials performance of the fuel and its 
containment, it is not beyond reason.  Success will not only reduce the cost of geological storage, 
but the very concept has intrinsic non-proliferation and safeguard components associated with 
extended containment of SNM within the reactor system, a clear advantage compared to nuclear 
fuel cycles that make heavy use of reprocessing and recycling. Moreover, if implemented 
appropriately, this strategy could extend the reserves of known uranium for millennia, and 
economically facilitate the effective use of NatU and/or Th in the nuclear fuel cycle. 

 

Various fuel options based on current knowledge of advanced TF for FBRs that are studied in the 
framework of the Gen-IV and GNEP reactor programs have been proposed, and will be 
discussed in this development plan. The purpose is not so much, at this early stage, to offer a 
final solution, since the LIFE specifications are rather unique and still evolving, but instead to 
provide a critical examination of the technical issues associated with various possible options, 
with a special emphasis on thermal integrity, phase formation and transformations of TF as a 
function of burn-up. 
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The current options that have been considered for fuel form fall into two categories: solid fuels 
and molten salt fuels, each with their specific issues and challenges. Note that unless defined 
otherwise, “fuel” and “fuel form” will be referring in the following to nuclear fuel itself and its 
primary containment. 

For solid fuels, based on previous studies carried out under various programs, it is worth 
mentioning TRISO and IMF, and in the current design of the LIFE engine, the TF should be 
allowed to circulate inside a spherical-shaped blanket and be exposed at temperatures not 
exceeding 800 oC, see Fig. 2. For both options the performance criteria and requirements are: 

• High fuel density, i.e., high conversion ratio 
• Low fuel temperature, at least compatible with LIFE specifications, i.e., <800 oC 
• High burn-up, i.e., excellent behavior in a drastic varying chemistry with time 
• Accommodation of FG pressure 
• Resistance of the cladding to chemical attack of corrosive FP 
• High irradiation resistance at the fuel cladding interface, i.e., low damage by FP, and 

hence low swelling 
• Resistance to swelling and mechanical property changes in the fuel cladding and fuel 

assembly due to radiation displacement damage 
• High thermal conductivity (to ensure optimum thermal transport) 
• Optimum fuel-cladding contact to maximize thermal transport 
• Workability in transients 
• Environment-friendly fabrication process, and low fabrication cost 
• Production of a suitable wasteform for disposition. 

 
In the molten salt option, the fissile and/or fertile material is in solution with a salt, and kept in 
the liquid state during the entire life of the engine, see Fig. 3. In this case the requirements are: 

• Optimized molten-salt composition compatible with LIFE specifications 
• Controlled molten salt behavior in a drastic varying chemistry with time 
• Corrosion-resistant fuel containment for the molten salt 
• Pu solubility (not an issue in the Thorium fuel option) 
• On-line cleaning process and chemistry (gas sparging and precipitation extraction due to 

FP formation) 
• Production of a suitable wasteform for disposition 

 
Very little will be discussed in this paper on the molten salt fuel option since a separate 
document covers the subject in detail [Moir et al. 2008]. 

Whatever the final fuel option will be, the dramatic change in fuel chemistry as a function of 
burn-up has never been explored in the past, and therefore adds challenges to the design of a fuel 
form that must retain its performance, and in particular its thermal and mechanical integrity, 
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during the entire life of the engine. In Fig. 4, we show as an example the amount of fission 
products and gases generated from DU fuel as a function of burn-up (% FIMA) [Shaw et al. 
2008]. In the following, depending on the fuel option, the interaction of some of these elements 
with the fuel form will need to be carefully studied. 

After a brief background, the solid fuel options will be examined in the context of thermal 
stability and integrity, and for each, a path forward with suggestions for specific research 
directions will be given. Since the molten salt option presents a suite of specific challenges that 
have been briefly discussed above, it was decided that a separate report would be dedicated to it. 
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Chapter B. Approaches to Solid Ultra­high Burn­up Fuel 
 
The implementation of fuel cycles where high FIMA >50% is achieved coupled with a minimum 
number of fuel reprocessing/recycles are being proposed as a realizable objective for emerging 
critical reactor technology. While the accumulation of FP makes >90% FIMA of a uranium fuel 
form impossible (for fissile material such as 239Pu this is possible), the need for very high burn-
up is still economically desirable. 

An interesting idea for a very deep-burn fuel cycle, whose proponents suggest could be 
“implemented in the near term”, is the Deep Burn-Modular High-temperature Reactor (DB-
MHR) [Venneri 2005].  This reactor, which utilizes TRISO fuel, boasts a number of enhanced 
operational and performance features: 

• Fuel containment to complete burn-up 
• Repository containment 
• He gas coolant transparent to neutrons 
• Thermal spectrum and low damage to materials. 

 
The DB-MHR is conceived as having applications to burning both Pu and MA as well as to play 
a role as a reactor for future sustained nuclear power growth. In this concept, a LEU fuel 
accounts for 4/5th of the core while a Pu+MA fuel accounts for the other 1/5th. By re-fabrication 
of the TRISO fuel and its re-use in the reactor, high burn-up can be achieved.  While the outlook 
for high burn-up and ultra-high burn-up with TRISO fuel form appears to be optimistic based on 
early experimental work, considerable research will be required to achieve the reliability and 
economy (minimum number of recycles) necessary for this fuel form.  We will discuss these 
research needs below. 

The ability of a fuel form to achieve high- or ultra-high burn-up depends on several interacting 
variables. Simply stated, it is the changes in the fuel associated with neutron irradiation (fission 
and the resulting FP, displacement of atoms, nuclear transmutations, etc.), coupled with 
temperature and chemical and mechanical stresses that accumulate during the life of the fuel that 
can ultimately lead to failure of the nuclear material containment system.   

Usually the nuclear component of the fuel at BOI consists of the fertile and fissile materials 
(isotopes of uranium) and possibly recycled Pu+MA. It is assumed that this nuclear material has 
been processed into a suitable form, a metal, or a ceramic (oxide, nitride, or carbide), a cermet, 
for example, of U-ceramic and a suitable metal. Usually, these nuclear fuel materials are 
compressed and sintered into pellets that are packed into hollow tubes (commonly made of 
zircalloy) that are then filled with a thermally conductive fluid and sealed, thus forming the fuel 
rod. Currently, researchers are studying even more complex fuel forms with the goal of 
achieving even higher burn-up. 
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Tristructural-isotropic (TRISO) Fuels 

An interesting concept is the TRISO fuel that is a type of micro particle system consisting of a 
nuclear-fuel kernel surrounded in turn by multiple layers of low density and structural cladding. 
The fuel kernel may be composed of UO2, UC, or UCO as well as Pu or Pu+MA ceramics, and is 
coated with four layers of three isotropic materials. As shown in Fig. 5, the four layers are a 
porous buffer layer made of carbon, followed by a dense IPyC, followed by a ceramic layer of 
SiC to retain fission products at elevated temperatures and to give the TRISO particle more 
structural integrity, followed by a dense OPyC. TRISO fuel particles are designed not to crack 
due to the stresses from processes (such as differential thermal expansion or fission gas pressure) 
at temperatures beyond 1600°C, and therefore can contain the fuel in the worst imaginable 
accident scenario in a properly designed reactor. Two such reactor designs are PBMR, in which 
thousands of TRISO fuel particles are dispersed into graphite pebbles, and a prismatic-block gas 
cooled reactor (such as the GT-MHR), in which the TRISO fuel particles are fabricated into 
cylindrical compacts and placed in a graphite block matrix. Both of these reactor designs are 
HTGR, which is a type of VHTR, one of the six classes of reactor designs in the Gen-IV 
initiative. 

TRISO fuel particles were originally developed in Germany for HTGR. The first nuclear reactor 
to use TRISO fuels was the AVR and the first power plant was the THTR-300. Currently, 
TRISO fuel compacts are being used in experimental reactors, the HTR-10 in China, the HTTR 
in Japan, and a facility to be developed starting in 2009 in South Africa. Table I summarizes 
TRISO fabrication and development that are currently in progress around the world, and 
undoubtedly a fair amount of knowledge has been gained on the TRISO option, as illustrated by 
the substantial quantities of coated particles, in excess of 60,000 kg, that have already been 
fabricated in facilities around the world, cf. Table II. Table III presents typical characteristics of 
TRISO-kernels and coatings in current applications in commercial reactors, DB-MHR and 
Russian WGPu disposition facilities. Figure 6 is an illustration of the TRISO fuel anticipated for 
use in this class of reactors. 

Shortcomings of TRISO Fuel and Research Directions 

TRISO fuels have been studied seriously since the 1950s first by the late Rudolf Schulten who 
conceived of encapsulating UO2 or UC in a high temperature material (SiC) to achieve an 
intrinsically safe reactor. These fuels have been used as the basis for PBRs that today are being 
developed as modular systems of three, four, or eight reactors in a single plant. The integrated 
and synergistic nature of the TRISO particles is quite extraordinary as illustrated in Fig. 5 
[Venneri, 2005; Hanson et al. 2001]. It can be seen that the materials actually work together to 
result in a containment system that is more than the sum of the individual parts. The performance 
of the particle essentially depends on the integrity of the SiC layer that acts as a diffusion barrier 
to metallic FP and as a pressure vessel of the particle. 
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TRISO fuel has the feature of offering a number of options for the implementation of its use in 
nuclear energy generation. First, the TRISO particle dimensions can be optimized to achieve the 
performance level required for high- and ultra-high burn-up. Fig. 7 illustrates three TRISO 
assemblies, each of which is optimal for a particular application. All three of the TRISO fuel 
types in TABLE III require important research activities related to their individual components 
and to how the components interact with each other at BOI and during and after irradiation.  

The uranium fuel requires proof testing to assure processing methods resulting in predictable 
yield and reliability. Severe differences exist between TRISO particles produced in the USA and 
those produced in Europe, and more importantly, TRISO particles produced in the same batch 
often exhibit extreme differences in performance and failure rates. For the Pu and Pu+MA fuels 
standardized methods for production must be developed leading to predictable performance and 
reliability at high burn-ups approaching or exceeding 90% FIMA. Materials changes from the 
standard SiC coating and optimization of the low-density buffer layer are required. Of very high 
importance are the post-irradiation handling and properties of TRISO fuels. Development of 
particle recycling including composite disassembly should be pursued.  High burn-ups imply and 
enable minimal reprocessing. However, to achieve maximum benefits we must be able to predict 
TRISO particle behavior and performance during cool-down and in the geological repository. 
Finally, and critical for licensing, we must develop a fundamental understanding of coating 
property data and associated integrated models including all failure mechanisms that can be 
included in the reactor materials database. 

The TRISO capsule is the first barrier to FP release and is the key to the operational safety and 
licensing of reactors utilizing this fuel form. To date, two implementations of the TRISO 
particles have been studied: one is the pebble composite structure used in the PBMR (see Fig. 5), 
and the other is the prismatic carbon assembly block shown in Fig. 7, fueled with TRISO-
composite cylindrical pellets as a part of the design of the General Atomics DB-MHR. 

The TRISO particle is an extraordinary system of materials that, working together, result in 
performance exceeding the performance of the individual materials.  An illustration of these 
forces is shown in Fig. 8.  These forces are a consequence of radiation, temperature and time. 
Accurate structural analysis of the TRISO fuel at all stages of its use is a key to the development 
of ultra-high burn-up with this fuel form. PISA utilizing simple visco-elastic models can provide 
accurate predictions for materials performance providing that the dimensional and force data 
input to these models is suitably precise and known as function of the evolving chemistry. 

Indeed, the chemistry of the fuel kernel as a function of burn-up and temperature is key. This 
includes liberation of oxygen and equilibrium pressures with FP, the forms of FP oxides, the 
equilibrium O2 and CO pressure, the material phases, the oxygen getters, and the FP oxidation 
states. All of this leads to kernel swelling from the increase in the number of atoms and from 
void growth. FP release from the kernel builds gas pressure in the free volume. Understanding all 
these variables will lead to selection of the best form for the kernel composition; 
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UO2/UC2(UCO), PuO2/Pu2O3 and with Np, Am, Cm, as well as a consideration of inert matrix 
fuels such as stabilized ZrO2, with Pu, Am, and Cm. 

The three TRISO layers, the IPyC, the SiC (or ZrC) and the OPyC are in constructive opposition 
to one another, the PyC is in tension whereas the SiC is in compression. This system is capable 
of holding pressures in excess of 150 MPa at temperatures up to 1600 oC. However, these three 
components face numerous materials issues over the course of a deep burn.  These include: 

• Behavior under irradiation versus initial structure 
• Structural parameters affecting performance 
• Optimum constitutive equations and thermo-mechanical properties 
• Dimensional change (swelling) and creep under stress 
• Phenomena leading to failure 
• Mechanisms for fission product transport 
• Decomposition under elevated temperature 
• Reactions with fission products and CO 

 

A detailed comparison of the differences between US manufactured and German manufactured 
TRISO fuels has recently been reported [Petti et al. 2003].  To date, the high-temperature and 
burn-up performances of the German fuels are substantially better than for the US fuels.  
Nevertheless, with regards to ultra-high burn-up, there are still numerous, and well understood, 
weaknesses associated with the SiC-based TRISO particle.  It is useful to enumerate these 
problems, which recently have been outlined in some detail [Petti et al. 2003; Maki et al. 2007; 
Lauf et al. 1984; Diecker 2005], along with some directions in materials research that should 
lead to important fundamental understanding, and eventually mitigation or elimination of these 
shortcomings. As an example, Fig. 9 shows the replacement or the addition of ZrC as a way of 
improving the deep burn-up performance of TRISO fuel. 

So far, the challenges associated with high-burn-up and high-temperature applications of TRISO-
coated particle in VHTR and HTGR have been identified, and work is currently done to address 
them. Among them, it is worth mentioning the thermo-mechanical response of PyC, the FG 
pressure, the CO pressure, the kernel migration, the palladium attack, and the cesium release 
[Maki et al. 2007]. 

Thermo-mechanical response of PyC  

The response (shrinkage or swelling) of PyC to neutron irradiation is very complex and not fully 
understood. While highly anisotropic, it depends on the irradiation temperature and the isotropy 
of PyC. With increasing temperature the shrinkage increases, as does the stress, however, this is 
offset by irradiation-induced creep that also depends on temperature and density of the PyC. At 
higher temperature, creep reduces stress in the IPyC layer. For the highly non-linear thermo-
mechanical response of the coating system, creep dominates and the stress in the IPyC layer 
decreases as the irradiation temperature increases. 
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The structure-property relationships for irradiated PyC should be studied in detail to create 
accurate models for the materials property evolution from BOI to end of life. 

Fission gas pressure  

FG is produced during irradiation of the kernel of a coated particle. The resulting FG pressure 
depends on temperature, burn-up, diffusion properties, and time. Balancing kernel size against 
the available headspace provided by the low-density carbon layer is only a partial answer to the 
issues surrounding the presence of FG.  Reduced kernel size leads to lower FG pressure, 
however, it also results in a faster migration of FP towards the SiC layer with subsequent issues 
of chemical attack. 

Research aimed at designing a kernel system with a high degree of hold-up of FP would greatly 
enhance TRISO performance and increase the possibility for ultra-high burn-up. 

CO pressure  

CO is a direct consequence of the excess oxygen that results from UO2 fuel and the inability for 
the resulting fission fragments to bind all the excess oxygen produced. This excess oxygen reacts 
with the buffer to form CO gas. Under the appropriate conditions of temperature and burn-up the 
CO contribution to internal pressure can exceed the contribution to the total pressure of the FG 
by as much as four times. 

 

The role of the kernel chemistry is very important in controlling CO.  Although good results have 
been obtained with UCO fuel more detailed work is required to understand all the properties of 
alternate kernel fuels. Another area of research is the use of non-fissile oxygen getters such as 
ZrC coatings around the kernel. The study of the evolution and performance of these advanced 
materials systems at high burn-up is needed. 

Kernel migration  

Kernel migration or the amoeba effect, illustrated in Fig. 10, is well known but inadequately 
understood. It appears as a tendency for the kernel to migrate up the temperature gradient [Maki 
et al. 2007]. In reality the effect is the consequence of carbon migration from the hot side of the 
kernel to the cool side. The phenomenon is observed in carbide fuel but it is particularly severe 
in oxide fuels. The phenomenon increases with time, temperature, thermal gradient, and CO 
production. In oxide fuels the excess oxygen forms CO by reacting with PyC. Understanding the 
details of the diffusion-chemical reaction is important since direct contact of the kernel with the 
SiC leads to rapid failure of the TRISO pressure vessel. 

 

Kernel migration is a chemistry/diffusion phenomenon which although understood in a 
descriptive sense requires extensive research to fully comprehend the atomistic processes 
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involved. Both theoretical and chemical studies are warranted if reactor design and operations 
cannot be guaranteed to eliminate temperature gradients in the fuel, a likely situation. 

Pd attack  

Pd attack occurs in the SiC layer. This failure mechanism is preceeded and then facilitated by 
cracks in the IPyC layer [Lauf et al. 1984; Diecker 2005]. This is an example of a failure 
mechanism that must be understood in a synergistic manner to provide adequate predictions for 
the course of Pd penetration during deep burn of TRISO fuels. It has been observed that Pd 
quickly diffuses through the buffer and IPyC layers and then forms small nodules at the interface 
to the SiC layer [Maki et al. 2007]. The mechanism of “corrosion” of the SiC layer by FP Pd, 
schematically represented in Fig. 11, involves several steps, notably: (1) the production of Pd by 
fission in the fuel kernel, (2) the release of Pd from the fuel kernel, (3) the transport of Pd to the 
SiC layer through the IpyC layer, and (4) the reaction of Pd with the SiC layer, and experiments 
indicate that the slowest step that limits the Pd-SiC reaction rate is step (2) [Minato et al. 1990]. 
An important point that determines the availability of Pd is the fraction of the fissions that come 
from Pu.  Hence, it has been observed that LEU fuels produce more Pd then HEU fuels. The 
penetration rate of Pd in the SiC layer has an Arrenhius-temperature dependence, as shown in 
Fig. 12, and the Pd-penetration rate is temperature dependent [Maki et al. 2007]. Even at the 

lowest temperature of a 1000 oC, 10 m of reaction attack with the SiC layer would be observed 
in 3.2 years. Although the Pd attack was detected on both the hot and cold sides of the particle, 
the corroded areas and the Pd accumulation were distributed more prominently on the cold side 
of the particle. However the Pd attack may be more complex since it seems to depend on the 
details of the SiC-layer microstructure [Lauf et al. 1984]. It is also worth noting that the 
substitution of SiC by ZrC does not prevent the attack, and the formation of intermetallics such 
Pd2Si and ZrPd3 has been observed, however with a slower corrosion rate in the case of the ZrC 
layer than the SiC one [Ogawa et al. 1986]. Other elements such as Rh and Ru have also been 
shown to react with the SiC layer at rates that may affect fuel performance as well. 

Research focused on holding-up the Pd in the fuel kernel could help make dramatic 
improvements in the performance of the high burn-up LEU or even NatU TRISO fuels. 
Additionally, the performance of other types of ceramic coatings such as ZrC may result in 
reducing the effects of Pd penetration. Stability studies of C-Si-X and C-Zr-X, where X=Pd, Rh, 
Ru would allow a proper evaluation of the thermodynamic force in phase formation. This 
knowledge coupled with kinetic studies of phase precipitation and evolution in the SiC or ZrC 
layer would allow a quantitative prediction of SiC attack as a function of time and burn-up. 

Cesium release 

It is important to study the high-temperature accident response of TRISO-coated particle fuels, 
particularly at high burn-ups. Some experiments have shown release of Cs but the reasons for the 
increased release are not known with certainty [Petti et al. 2003]. A photomicrograph of the SiC 
in a coated particle from one such test [Petti et al. 2003] is shown in Fig. 13. The SiC layer from 
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these particles does show some degradation. Two hypotheses can be formulated concerning the 
degradation: (a) Cesium attack of the SiC. (b) CO attack of the SiC layer [Petti et al. 2003]. 
However, there are not enough data to confirm or refute either of these two hypotheses [Petti et 
al. 2003]. 

The ultimate failure of a TRISO particle is the release of the FP and the fuel.  Ultra-high burn-up 
will reduce margins and increase uncertainties. A research effort focused on failure mechanisms 
of the ceramic coating (SiC, ZrC…) are not only important for normal operations to high burn-
up, but are also the central issue in accident scenarios and subsequent fuel cooling, and eventual 
geological storage. Furthermore, materials modifications, such as the addition of SiC fibers to 
SiC (SiC-SiC), and the materials engineering of ultra-tough ceramics using soft interfaces, offer 
opportunities to enhance performance of TRISO fuels and achieve the goal of ultra-high burn-up. 

Inert Matrix (IMF) and Dispersed Fuels 

Another concept, originally developed to burn Pu+MA in LWRs, is the broad class of inert 
matrix fuels (IMF). This fuel form is fabricated by blending the nuclear fuel material (UO2, UC, 
or UCO) with inert matrix (non-fuel) material such as spinel or yttria.  IMFs) are produced by 
blending the nuclear-fuel into the matrix in either a homogeneous (solid-solution) known as a 

micro-dispersion, or a heterogeneous blend with nuclear fuel particles >100 m known as a 
macro-dispersion. The usual form for an IMF is that of a cylindrical pellet (see Fig. 14) that fits 
into a metal cladding such as a zircalloy, and the free volume of the cladding is filled with a 
thermally conductive fluid and sealed. 

The focus has shifted away from IMF usage in an LWR environment. The call for fast and 
efficient Pu-destruction in the existing fleet of LWRs is diminishing with new Fast Reactors 
being a future option. At the same time, the possible application area for IMF has widened. In 
new reactor types the inherent properties of IMF (i.e., low thermal conductivity, high 
proliferation resistance, and softer mechanical properties) may be of importance. The research to 
date has indicated that the best possibilities lie with a yttria- or a ceria-stabilized matrix. This 
matrix material appears to exhibit irradiation behavior and FP containment that is satisfactory 
enough to be considered as a fuel form for high- and ultra-high burn-up. However, utilizing this 
technology at high temperatures ~1000 oC will require that instead of metal cladding one will 
have to consider either a ceramic- or a carbon-clad material similar to that being employed in 
pebble-bed modular or prismatic carbon HT-GCR.The IMF research results to date form, 
therefore, a valuable input for future nuclear fuel development [Hellwig et al. 2006]. 

The ceramic-based matrices (spinel, YSZ, MgO, etc.) are so far the best option. However these 
IMF have been proposed mostly for high-temperature applications (well above 1000 oC), i.e., 
way beyond what the LIFE engine requires. Most ceramic-based IMF suffer from 
several drawbacks, namely: (1) Low thermal conductivity, (2) damage by fission fragments 
resulting in swelling and cracking under irradiation, and (3) process manufacturing of pellets 
with ceramic matrix and PuO2 is complex and involves dust-forming operations. On the other 
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end metallic matrices do not suffer from these problems, and extrusion of fuel was used to 
prepare fuel pellets and pins. Among potential candidate, it is worth mentioning, Al, Zr, and 
95Mo. However these metallic matrices allow for very limited swelling and the process 
fabrication involves dust-forming operations. 

Shortcomings of IMF and Research Directions 

Starting in 1994 the study of IMF as a fuel form for the transmutation of Pu and MA in thermal 
reactors and advanced systems has increased. Motivated by the idea that energy production 
remains the most desirable disposition for Pu+MA, and to solve the problem of Pu surplus in the 
short and medium term it was suggested to burn, as quickly and completely as possible, excess 
Pu in existing LWR and HWR [National Academy of Sciences 1994]. The basic strategy was to 
apply a once-through IMF irradiation prior to geological disposal [Degueldre et al. 1996]. With 
the recent changes in nuclear energy strategy resulting in Fast Reactors being a future option, this 
motivation has lost momentum. “At the same time, the possible application area for IMF has 
widened: In new reactor types, the low thermal conductivity may be better acceptable, and the 
high-proliferation resistance and the softer mechanical properties may be of importance. Today’s 
IMF research results form therefore a valuable input for future nuclear fuel development 
[Hellwig et al. 2006], especially in the context of Gen-IV [Degueldre et al. 1999, 2001, 2006, 
2003; US DOE Nuclear Energy Advisory Committee et al. 2002]. 

The idea of incorporating the fissile and fertile nuclear reactor fuel with a non-burnable material 
opens the door for truly inventing a broad spectrum of new technologically relevant material 
systems. Parameters that can be optimized in such a fuel form are: 

• Operations at high temperatures 
• Minimization of expansion due to radiation effects (so called soft mechanical 

properties) 
• Retention of FP 
• Optimization of heat capacity and thermal conductivity 
• Post-irradiation retention properties 

 
However, today only a small part of this materials design space has been explored.  YSZ has 
proven to be a promising material to be the inert matrix for fuels.  Macro- and micro-dispersions 
have been synthesized and tested in various reactors in the form of metal clad pellets, see Figs. 
14 and 15. 

However, the low thermal conductivity of YSZ is a severe limitation.  To overcome this 
shortcoming, dual phase magnesia–zirconia ceramics doped with plutonia were studied as an 
IMF [Medvedev 2006]. The idea is that the MgO phase acts as an efficient heat conductor to 
increase thermal conductivity of the composite. Encouraging results have been obtained 
indicating that the MgO phase is left in tact and will provide the hoped for additional thermal 
conductivity. 
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Among the tools needed to advance the development of IMF is the capability to accurately 
model the thermodynamic properties of these complex materials, the properties of which rely on 
the beneficial precipitation of specific phases. Recently Arima and coworkers have applied 
equilibrium molecular dynamics with an ionic model to deduce the thermal conductivity of IMF 
zirconia fuels [Arima et al. 2006]. Their results are very encouraging and suggest that modeling 
capabilities in this area can be very valuable.  

 A more ambitious approach to modeling the thermodynamic properties that can be applied for 
predicting the thermal properties of other forms of nuclear fuels and materials for which the data 
are still unavailable or incomplete has been investigated by Sobolev and Lemehov [Soboley et al. 
2006].  Using a simplified model of the phonon spectrum, statistical thermodynamics, and the 
generalized Klemens model for thermal conductivity, the authors report obtaining useful 
relationships bounding the specific heat capacity, the thermal expansion coefficient, the bulk 
modulus and the thermal conductivity of dioxides, often used as components in IMF, were 
deduced in a quasi-harmonic approximation. 

A research approach that combines the advantages of IMF with TRISO fuel forms may possibly 
lead to the ultra-high burn-up fuel forms needed to dramatically change the fuel cycle landscape 
for future generations. 
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Chapter C. Where Are We Today in the Context of LIFE? 

TRISO Fuel Option 

TRISO fuels have a long history of development research.  While problems and weaknesses exist 
in TRISO fuels they are for the most part well identified and the research required to mitigate or 
overcome these weaknesses, while challenging, is not unreasonable or impossible.  Figure 16 
illustrates the extent of TRISO performance while also indicating the objectives and parameters 
associated with high and ultra-high burn-up fuel forms. 

The failure mechanisms associated with high-burn-up are often the result of a system failure, and 
hence can be approached from that point of view.  As noted earlier, the development of pressure 
in the TRISO capsule depends not only on FIMA, but also on the production of CO and the 
diffusion of the volatile FP from the interior of the kernel out.  Hence a systems approach is 
clearly warranted in approaching the materials and technical challenges associated  
with extending TRISO performance to high- and ultra-high burn-up. At the same time the 
applications that are targeted by current TRISO research conducted especially in the USA 
(NGNP), Germany (HTGR), Japan, South Africa, France, and China show that the performance 
limits are very different, notably for power density, burn-up, fast fluence, and to some extent 
temperature, as summarized in Table V and Fig. 17 [Maki et al.; Latkowski 2008]. 

Although the temperature at which TRISO will be exposed under LIFE conditions is low (less 
than 800 oC) compared with what it is designed for (above 1100 oC), during the life of the 
TRISO particle, the chemistry will be drastically changing, as discussed in the introduction, see 
Fig. 4. In particular, the amounts of Pu and FP such as Pd have to be considered very seriously. 
Indeed according to Fig. 18, the Pu composition peaks around 30-40% FIMA, whereas the 
composition of Pd, and for that matter of other transition metals such as Mo, Ru, and Zr, keeps 
rising up to 100% FIMA. Hence, it is imperative that a validated approach to Pd (and other 
metals) attack of the SiC layer is put in place to predict as a function of time and Pd (and other 
metals) composition the penetration depth and the loss of performance of the SiC layer. 

It is also important that attention is paid, with the changing chemistry, to predicting the melting 
temperature, and the formation of phases with time in the kernel region of the TRISO particle. 
For this purpose, based on the CALPHAD approach described in Appendix A, a thermodynamic 
database is under development as discussed in Appendix B. 

Specific Research Directions 

Below we review specific directions of research that will advance our understanding of materials 
to achieve a fuel form for ultra-high burn-up. Most of what we suggest is centered around the 
TRISO fuel form, whose nearly five decades of research and successes makes it an excellent 
platform for further materials system development.  However, we also recommend research in 
two general areas of IMF, first an IMF kernel for TRISO fuels, and second a fully ceramic IMF 
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fuel form. While we have parsed these research directions based on the components of the fuel 
form we intend to keep keenly in mind the systems nature of the materials challenges. 

Kernel 

There is a major dilemma associated with developing TRISO fuel for ultra-high burn-up, and 
that is the conflict between reduced kernel size to minimize EOL gas pressure from volatile FP, 
and the economics of maximizing to the extent possible the power density of the fission fuel. 

As discussed earlier, fuel chemistry is very important when considering the transport of carbon 
that results in the so-called amoeba affect.  Good results have been obtained using UC or UCO as 
the fuel form, although carbon transport is still an issue.  Understanding the details of the carbon 
transport mechanisms in different chemistries is very important in accurate predictions of fuel 
EOL and in also understanding the component of gas pressure arising from the production of 
CO-CO2. 

One of the most obvious changes that the fuel kernel will undergo is the transmutation of the fuel 
into FP.  For UO2, UCO or UC, the final fuel form will be ~95 at.% FP plus the carbon and 
oxygen of the original ceramic fuel. Ways to meet the following technical objectives should be 
researched;  

1) A fuel composition and microstructure that maximizes the hold-up of both volatile FPs 
and corrosive FPs (Pd, Ag, etc.) in the fuel kernel. 

2) A fuel kernel microstructure that accommodates FP and minimizes fuel kernel swelling. 
This might include research on low-density fuels with built-in headspace. 

3) A fuel kernel material design that provides adequate thermal conductivity to minimize 
center-line temperatures in the TRISO particles. 

4) A model describing the thermo-physical evolution of the fuel kernel as the fissile and 
fertile materials are converted primarily to FP. 

5) A kernel barrier to assist in controlling oxygen fugacity to the rest of the TRISO particle, 
and to act as a diffusive barrier for FP transport. 

6) Development of an inert matrix kernel with high fertile material content and good 
thermal conductivity to mitigate the effects of ultra-high burn-up as outlined by items 1-
5. Recent success achieved at the Bochvar Institute in utilizing WGPu in a stabilized 
zirconia appear to be a promising example of an engineered IMF with good thermal and 
radiation properties. 

PyC buffer 

The PyC buffer layer serves two purposes in the TRISO fuel. First, is that it provides headspace 
to accommodate the volume increase in the fuel kernel, and second, it stops fission fragments 
emitted from the surface of the fuel kernel, keeping them from reaching the IPyC. Among 
potential research directions, it worth mentioning: 

1) Optimal design for density and head-space performance. 
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2) Research of other materials and microstructures, such as porous media, aerogels, 
zerogels, etc. 

IPyC 

The IPyC is a critical structural element in the containment strategy of the TRISO particle. Its 
behavior under irradiation balances the inward forces of the SiC, and together the two structures 
provide a robust pressure vessel whose properties are sufficient to very high neutron doses.  
However, failure in the IPyC leads to failure quickly in the SiC that results in unavoidable 
structural failure of the TRISO particle. Hence, the following issues need to be addressed: 

3) Behavior under irradiation versus initial structure. 
4) Structural parameters affecting performance. 
5) Best constitutive equations and thermo-mechanical properties. 
6) Dimensional change, creep under stress. 
7) Phenomena leading to failure. 
8) Mechanisms for fission product transport. 
9) Decomposition under elevated temperature. 
10) Reactions with fission products and CO. 

Ceramic capsule (SiC ZrC…etc) 

By far the most experience with the ceramic shell of the TRISO particle has been obtained with 
SiC.  Understanding the nature of all possible failure mechanisms for the ceramic shell is 
important if one hopes to successfully extend TRISO lifetime to beyond 90% FIMA and the use 
of fertile fuels with the concomitant increase in neutron fluence. Hence, all the issues related to 
the IPyC are also relevant for SiC and ZrC. 

 

Japanese studies have reached the following positive indications for ZrC shells [General Atomics 
2006]: (1) better performance against kernel migration failure and chemical attack by FP, 
including Pd; (2) better durability against pressure vessel failure at temperatures above 1600 oC 
(up to at least 2000 oC); and (3) better retention of FP, except Ru, particularly at temperatures of 
1600 oC and above. However, as said before, in the context of the LIFE engine, the use of ZrC 
may not be adequate, since its purpose was originally to sustain high temperatures, which is not 
what LIFE specifications require. 

TRISO systems issues 

The failure mechanisms of TRISO fuel are well understood, and the research required to make 
improvements is well defined [General Atomics 2006]. Figure 19 illustrates the various failure 
mechanisms. Solutions to the problems mentioned above, and summarized in Fig. 20, should 
lead to improved manufacturing and materials modifications with, ultimately, V&V robustness 
and high burn-up that are desired for an advanced fuel capable of 90% FIMA and above. 

Solid Hollow Core (SHC) Fuel Option 

To accommodate the production of FG during burn-up, improve the resistance to thermal shock 
and fatigue, and improve fracture properties and toughness, the concept of a SHC fuel has been 
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considered. SHC fuel now refers, not to a particle (like in the case of TRISO), but to the pebble 
instead with dimensions as indicated in Fig. 21. This concept benefits to some extent from the 
knowledge gained so far on TRISO fuel particles, with a configuration that includes, at the center 
of the pebble, an expansion volume made of a porous carbon core, a sacrificial SiC, and a PyC 
transition layer. Beyond the volume occupied by the fuel itself, several layers act to maintain 
proper mechanical integrity of the pebble; they consist of a SiC sacrificial layer, a ZrC diffusion 
barrier, a PyC transition layer, and a high strength SiC/SiC fiber wrap in contact with a fiber-to-
clad transition layer. The overall size of the pebble is between 2 and 4 cm. Among the issues that 
have to be addressed, it is worth mentioning: 

•  Fiber shrinkage and swelling that cause stress-induced debonding of the fiber/matrix 
interface, as also observed in the case of TRISO particle. 

•  Differential materials response under thermo-mechanical load. 
•  Irradiation swelling of the fiber, fiber/matrix interface (fiber coating), and the matrix. 
•  Factors that limit the range of operation, such as the decrease in thermal conductivity of 

the SiC/SiC composite layer with temperature and irradiation. 
•  Optimal volume occupied by the fuel, and overall thermal conductivity. 
•  Joining and fabrication anticipated prohibitive cost. 

Specific Research Directions 

As in the case of TRISO, FP attack to surrounding layered structures has to be thoroughly 
quantified, and suggestions for remedies will be required. 

Inert Matrix Fuel (IMF) Option 

To improve fuel performance for PWR and BWR several approaches have been considered that 
focus on increase in fuel content, lower temperature in the fuel element, extension of burn-up, 
and serviceability of the fuel elements operating under transient conditions. One of the promising 
approaches is the impregnation by a molten alloy in the inner space of a fuel element consisting 
of fuel granules arranged inside it. 

Like for any other IMF, the concept itself is sound. Indeed, having a matrix that takes very little 
volume compared with the fuel itself, and can accommodate with its porous structure FG during 
burn-up with minimum swelling is appealing. The requirement is that the matrix should be 
irradiation resistant so that it keeps its thermal and mechanical integrity during the entire life of 
the fuel particle. 

In addition and in comparison with the oxide version of IMF, metallic IMF offer high effective 
fuel density and high thermal conductivity, efficient metallurgical bond between the fuel and the 
cladding, protection against fuel-cladding interaction, and uniform distribution of fuel particles 
in the metallic matrix.  Elements of comparison between conventional fuel element designs are 
shown in Table VI [Savchenko et al. 2007a, 2008a]. 

A new class of metallic IMF has been recently developed at the A.A. Bochvar All-Russia 
Institute of Inorganic Materials (VNIINM) in Moscow (Russia) that involves an environment-
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friendly and simple fabrication process, leads to high fuel density, low fuel temperature (600-700 
oC), workability in transients, high resistance to irradiation and corrosion, high burn-up (100 
MW.d/kg-U in thermal reactors and up to 200 MW.d/kg-U in fast reactors), and solution to the 
closing of the fuel cycle [Savchenko et al. 2006a, 2006b, 2007a, 2007b, 2008a, 2008b, 2008c, 
Savchenko and Konovalov 2008]. To improve the properties of metallic IMF, low-melting point 
Zr brazing alloys have been developed. Since Zr itself is a relatively high-melting point metal 
(1855 oC), the original idea was to alloy Zr in a way that the melting point was below 825 oC 
since most actinide-based fuels stay stable in their solid form below 950 oC. Several classes of 
novel Zr-based brazing alloys have been developed as indicated in Table VII. All of them display 
deep ternary or quaternary eutectics with low-melting temperature, i.e, from 690 to 860 oC. 

Several versions of IMF were proposed: 

 

(1) Isolated arrangement of fuel that involves an Al or Zr-based matrix and PuO2 or MA 
powder that is an acceptable proposal for thermal and fast reactors, cf. Fig. 22.  The 
advantages of such version are: minimum dust-forming operations with Pu, three-barrier 
protection against corrosion, adaptation for minimizing swelling, and finally relatively 
cold fuel. 

(2) Heterogeneous arrangement of fuel, that was primarily designed for thermal reactors, 
with as a fuel PuO2 or (Er,Y,Pu,Zr)O2 and a matrix made of Al or Zr-based alloy, cf. Fig. 
23. In this case, the advantages are: usage of an impregnation technology, 
accommodation for minimizing swelling, and cold fuel. 

(3) Fuel within a Zr-based frame with a two-stage fabrication that consists of a Zr frame 
produced by a capillary-image method, and PuO2 or MA introduced into the frame pores, 
cf. Fig. 24 [Savchenko et al. 2008c]. 

 

Consider for example, that the initial components of the combined fuel are granules of DU 
alloys, PuO2 powder, and granules of Zr-alloy matrix. The characteristics of the novel fuel and 
the fuel composition are tabulated in Tables VIII and IX together with the appearance of the 
original components shown in Fig. 25. These alloys exhibit at 500 oC excellent compression 
strength of about 500 MPa, and thermal conductivity in the range of 20 to 30 Wm-1K-1, with a 
fuel content around 11.0 g.cm-3. 

An example of fabrication of fuel-element with such a capillary-impregnation method is 
summarized in Figs. 26 and 27. 

By adjusting the size ratio of fuel over matrix granules, one can achieve high-fuel content, with, 
volumes between 50 and 60% for the fuel form, 7 and 15% for the matrix, and 30 and 40% for 
the pores (without PuO2). Hence, the high-fuel content (U and Pu), compared with, e.g., MOX 
fuel, leads to a high conversion ratio, and consequently maximum heat transfer, and because of 
the low damage of the fuel by FP a low swelling compared with the U-Pu-Zr fuel. Furthermore, 
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metallic dispersion fuel elements guarantee high thermal conductivity, efficient metallic bond 
between the fuel and the cladding, and a decrease in the fuel temperature. It is also worth noting 
that the added solute elements to Zr not only decrease the melting temperature of the alloy, but 
also promote a natural beneficial coating of the cladding against FP attack. This coating acts as a 
diffusion barrier against fuel element (U, Pu, and MA), and FP attack of the cladding materials. 

Some of these formulations have been studied in in-pile tests, cf., e.g., Table X, under accident 
conditions, and in transient conditions of repeated thermal cycles and shocks [Savchenko et al. 
2006b, 2008b]. So far the response of these IMF under these stringent conditions has been 
promising (e.g., no swelling, excellent resistance to FP and FG “attacks”, mechanical integrity of 
the cladding, excellent thermal transport) although outside LIFE conditions. 

Specific Research Directions 

Regarding the issue of phase formation and transformations in metallic IMF, several questions 
need to be addressed: 

•  Optimal metallic inert-matrix materials selection under LIFE conditions, with 
optimum neutron spectrum. 

•  Suitable metal-matrix composition that can sustain ultra-high burn-up. 

•  Thermal behavior of the metallic matrix as a function of burn-up in a varying 
chemistry. 

•  Effect of FG on IMF performance. 

•  Interaction of the metallic matrix, in the presence of FP, with cladding. 

•  Optimal size ratio of fuel over metal granules. 

 

Once these questions are satisfactorily answered, it is apparent that metallic IMF with their 
cladding could be considered as a fully viable option for pebbles for the LIFE engine. 

A research approach that combines the advantages of IMF with TRISO fuel forms may possibly 
lead to the ultra-high burn-up fuel forms that satisfy LIFE requirements. 
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Conclusions 
 
Based on the output of a recent solid-fuel working group presentation [Brown et al. 2008], the 
viability of each of the three options, i.e., TRISO fuel, SHC fuel, and IMF that were discussed in 
this report, depends on the mission of the LIFE engine that is, either WGPu disposition, 
DU/NatU or SNF burning. A summary of this output is shown in Table XI. 

For Pu disposition, because the dpa limit imposed on graphite is not so severe, the disposition of 
WGPu could be taken care of with a TRISO-like configuration. For the other two missions that 
require ultra-high burn-up, the viability of a TRISO option is remote since graphite would need 
to be replaced so that the swelling at dpa greater than 10 does not become a problem. SHC fuel 
could become an acceptable option for the last two missions, although the complexity of the 
fabrication by design and the problems that are not insurmountable and share some commonality 
with those associated with TRISO still need to be solved. The IMF option is a highly promising 
one, especially for the burning of DU/NatU and SNF, but as in the case of the SHC fuel option, a 
research and development plan is required before anyone of these two options can be certified. 

Thus, it becomes apparent that the best approach to achieve the advancement of the burn-up 
capability of reactor fuels that meet the requirements of the LIFE engine is one that embraces 
both experiments and modeling. The combination of well-developed modeling and computer 
simulation capabilities gives reasons to expect significant contributions to the development of 
ultra-high burn-up fuels, and be able to tackle the issues that are presented in a summary form in 
Table XII. 

Our goal is to validate advanced modeling methods that can then serve as the basis for designing 
integrated experiments to be performed in real situations. Incorporating High Performance 
Computational Materials Science into fuel modeling is a need unanimously recognized by the 
scientific community as a high pay off investment that will help advance the knowledge of these 
materials and the design of better materials for extreme environments. 

In the three solid fuel options that have been discussed in this report, there is commonality in 
some of the main issues, as far as the main thrust of phase formation and transformation in 
transmutation fuels is concerned, cf. Table XI. Indeed, in all cases the dramatic change in 
chemistry as a function of time, or burn-up, raises the important question of phase formation and 
precipitation that will clearly impact volumetric change and swelling. In addition the production 
of FP and FG may have a detrimental effect on the containment matrix and the cladding of the 
particle or the pebble. In the case of TRISO and SHC fuels, the attack by some of the FP has to 
be quantified as a function of time so optimal thickness of the functional layers is achieved. In 
the case of metallic IMF fuel, appropriate elements that form the containment matrix and optimal 
matrix composition have to be selected. Once a sound thermodynamic basis has been 
established, the impact of different microstructural elements (e.g., concentrations of MA and FP) 
on thermal conductivity and mechanical degradation of the fuel, that are key predictors of fuel 
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performance, can be evaluated by appropriate methods.  In the DOE complex and abroad 
(especially in France, Japan, and Russia) significant work is underway to study and develop 
material systems leading to significant advances in the area of nuclear fuels performance 
modeling through the introduction of new materials or material combinations. 

Another relevant and equally important thermodynamic-problem that is ideally suited for a 
computational approach is the thermal migration or Soret effect, appearing in systems under 
thermal gradients such as the nuclear fuels in the LIFE engine, which in one of its manifestations 
is at the origin of the so-called amoeba effect, in nuclear fuels, either ceramics or metals.  This 
non-equilibrium process is complex and irreversible, leading to failure of the fuel-cladding 
assembly. A combination of thermodynamic (for the evaluation of the energetic driving force) 
and kinetic (i.e., species mobility and energy barriers for the evaluation of the temporal evolution 
of phases) data as input to coarse-grained methods based on the phase-field methodology (PFM) 
is the path forward to predicting the above mentioned effects in materials that are defined not 
only by their composition but also their microstructure. As a result, a robust understanding of the 
complex physical behavior of mixed actinide ceramics and metals has the potential for 
significant impact on advanced nuclear energy systems and the realization of the idea of a 
proliferation-resistant nuclear fuel scheme. The physical and chemical properties of such fuel 
materials must be determined and understood at a fundamental level if we are to accelerate their 
development.  A combination of thermodynamic modeling and advanced theory, along with a 
robust experimental program, will significantly advance our understanding of mixed actinide 
metals. DTA and DSC studies supplemented by diffusion couple experiments are required to 
verify and validate the modeling that is performed on the statics and kinetics of phase formation 
and transformation in fuels. Furthermore, it is worth noting that TEM is the appropriate approach 
for characterizing the bonding-properties of complex systems by making use of focused electron 
beams. Indeed, TEM offers unsurpassed spatial resolution and determination of crystallographic 
orientation. In multi-phase-systems, the TEM’s nano-scale analytical spot size can resolve each 
phase independently, a feature that should prove invaluable when studying complex mixed 
actinide compounds, and extract the bulk properties (e.g., bulk modulus, Young’s modulus, shear 
constants) that are useful to assess mechanical performance of nuclear fuels under normal and 
accidental conditions. The multi-physics issues that need to be addressed are summarized in the 
flow chart presented in Fig. 28 that shows the relations between research tools and topics, and 
properties and performance of solid nuclear fuels, with special emphasis on how 
thermodynamics and kinetics of phase formation and transformation in transmutation fuels are 
tied to properties and performance of advanced nuclear fuels. 

The complexity of the technological problem calls for a strategy that addresses a combination of 
modeling and experiment focused on specific effects.  In addition to utilizing published data, a 
series of targeted experiments should be carried out on model fuels and surrogate materials. The 
effects of FP damage, the presence of actinides, transmutants, and FP, should each be 
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individually addressed.  For each case, the effectiveness of the sub-species (i.e., the type of 
actinide or transmutant) on fuel stability should be determined. 

While a thermodynamic-centric roadmap is extremely important for designing next-generation 
nuclear reactor fuels, so too are bulk physical properties, such as swelling, strength, ductility, and 
overall thermal and mechanical performance as functions of temperature, composition, and time 
as they affect operations and safety. Although these additional links will be explored in more 
details in other reports that are being put in place on materials for LIFE, a fundamental 
knowledge of the chemistry of nuclear fuels and its temporal evolution under specific external 
conditions is crucial for designing an optimum mission-dependent fuel for LIFE. In Part II of this 
report, some of the more urgent issues that have been identified here will be addressed with 
modeling tools already in place and some others that are currently under development. 
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Tables 
 
 
 

 
 
 
 
 
 
 

 
      
 

Table I. Partial view of the LIFE engine that shows where the molten salt blanket 
(in red) is located. 

Table II. Substantial quantities of coated particles have already been fabricated in facilities 
throughout the world [Vennerri 2005]. 



P.E.A. Turchi, LIFE Materials, Volume 3, LLNL-TR-410158 

 36

 
 
 

 
 

        
 
 

Inert Matrix type Inert Matrix formula 

Element C, Mg, Al, Si, Cr,V, Zr, Mo, W 

Intermetallics AlSi, AlZr, ZrSi 

Alloy Stainless steel, Zr alloys 

Carbide 11B4C, SiC, TiC, ZrC 

Nitride AlN, TiN, ZrN, CeN 

Binary oxide MgO, Y2O3, ZrO2, CeO2 

Ternary oxide MgAl2O4, Y3Al5O12, ZrSiO4 

Oxide solid solution YyZr1-yO2-y/2, Mg(1-x)Al(2+x)O(4-x) 

 
 
 

Table III. Kernel and TRISO coating specifications in some current applications [General 
Atomics 2006]. 

Table IV. Classes of inert matrices that have been proposed as candidates for IMF. 
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Table V. Comparison of fuel service conditions [Maki et al. 2007, Latkowski 2008]. 
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Parameters MOX (U, Pu)O2 Fuel U-20Pu-10Zr 
Alloy 

Combined UMo-
PuO2 Fuel 

Fuel element design Container Container Dispersion 

Fuel element design 
 

 
 

 
 

 

Effective density of 
heavy actinides under 

fuel cladding, eff, g/cm3 

8.3-8.5 11.0 10.8-11.0 

Content of fuel in fuel 
element 

(% of theoretical) 

80-85 75 75 (55+20) 

Maximal temperature of 
fuel, оС 

2000-2250 (IFR,EFR) <800 (IFR) 790 (BN-K) 

Fuel (FP) – cladding 
interaction 

Average interaction High interaction No interaction 

Fuel – cladding gap 0.1 mm 
He 

0.7 mm 
Na 

0.0 mm 
Metallurgical bond 

Thermal conductivity of 
fuel, W/m.deg 

2-4 15-20 20-30 

Adaptability of fuel 
element fabrication 

Average Average High 

Environmentally clean 
production 

Low Low High 

 

 
 
 
 
  

MOX U-Pu-Zr 

Na

Table VI. Comparative design characteristics of container-type fuels (MOX and U-20Pu-10Zr metal 
fuel), and novel combined UMo-PuO2 dispersion fuel for fast reactors [Savchenko et al. 2007a, 
Savchenko et al., 2008a, Crawford et al. 2007]. 
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Components Granules size, m 

Melting Temperature, 
oC 

 
Metal fuel 

U-(3-9)Mo 
U-(5-10)Zr 

U-(2-5)Zr,Nb 
U-(3-9)Mo-(0.1-0.6)C 

500-1200 1200-1300 

Zr-matrix alloy Zr-(1.5-2.5)Be-(4-7)Fe 
Zr-(6-12)Fe-(6-12)Cu 

100-300 
800 

860-900 
PuO2 – 20-70 2200 

 
 
 
 
  

Group # 
Alloy Composition (wt.%) Melting T 

(oC) 
Impregnation T 

(oC) Zr Ti Fe Cu Be Nb 
1 Base 5-20 4-7 1-3 1.5-2.5 – 690-720 780-810 

2 Base – 4-8 0.5-3.0 2-3 1-3 780-810 850-870 
3 Base 5-10 8-14 8-14 – – 810-820 880-890 
4 Base – 6-12 6-12 – – 850-860 900-910 

Table VII. Alloy composition (in wt.%), melting and brazing temperatures (T) of potential Zr-
based brazing alloys [Savchenko et al. 2006a]. 

Table VIII. Components, granule size, and melting temperature of the U-PuO2 fuel [Savchenko 
et al. 2008a]. 
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Fuel Components Volume fraction, % 
U(Pu) content 

under fuel 
cladding, g/сm3 

Melting Temperature 
after Manufacturing, 

0С 
Metal fuel 55-60 9-10 1300-1400 

Zr-matrix alloy 7-15 – 1150-1250 
PuO2 10-20 0.9-1.8 2200 
Pores 10-15 (30-40 without PuO2) – – 

 

 
 
 
 

 

Fuel Temperature 
clad/fuel, oC 

Fuel element type Burn-up 
g-frag/cm3 MW.d/kg U 

UO2+Al alloy 350/370 VVER 0.8 100 
UO2+Zr alloy 300/500 Fuel composition 0.8 100 

UO2+Zr alloy 330/500 RBMK 0.4 55 
UO2+Zr alloy 330/440 VVER-440 0.45 60 
UO2+Zr alloy 600/750 Special 1.5 200 

 
 
 
 
 
 

Mission 
Solid Fuel Option 

TRISO Fuel SHC Fuel IMF 
WGPu 

Disposition 
Good possibility with minimum 

development 
Not needed for this 

application 
Possibly not needed 
for this application 

DU/NatU 
>97% burn-up 

Not suitable because of graphite Promising but requires 
R&D 

High potential but 
requires R&D 

SNF 
>97% burn-up 

Not suitable because of graphite Promising but requires 
R&D 

High potential but 
requires R&D 

 

 

 
 
 
  

Table IX. Volume fraction, fuel content, and melting temperature after manufacturing of the 
combined  U-PuO2 fuel [Savchenko et al. 2007b, Savchenko et al. 2008a]. 

Table X. In-pile tests of prototype fuels with UO2 [Savchenko et al. 2008c]. 

Table XI. Summary of the output of the Solid Fuel Working Group on the a priori adequacy of the 
known options [Brown et al. 2008]. 
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Problem Low Medium High 

Variable Chemistry   X 

Radiation Swelling   X 

FP Diffusion and Attack  X  

Abrasion and Corrosion Attack  X  

FG Pressure X   

Thermal Pulsing X   

Kernel Migration X   

 

 

 
Table XII. Challenges facing all solid fuel options [Brown et al. 2008]. 
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Figures 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. TRU formed as a function of FIMA, in grams per MTIHM (left) and per GWe-year 
(right) [Shaw and Latkowski 2008]. 

Figure 2. Partial view of the LIFE engine that shows (in red) where, in the solid fuel option, 
the fuel is located in the fuel fission blanket. 
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Figure 3. Partial view of the LIFE engine that shows where the molten salt blanket (in 
red) is located. 

Figure 4. Fission products and gases generated by a DU fuel as a function of burn-
up (% FIMA) [Shaw and Latkowski 2008]. 
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Figure 5. Parts of a TRISO particle – a miniature pressure vessel [Venneri 2005, 
Hanson et Saurwein 2001]. 

Figure 6. The base-line fuel anticipated for the South African PBMS reactor.  The 
three coating layers and the buffer layer are designed to be a lifetime coating and 
encapsulation for the fuel-kernel shown in red.  The aggregate fuel is shown in the 
two left most illustrations. 
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Figure 7. Photos of the TRISO particles and cylindrical pellet, left, and
the carbon prismatic fuel block for the DB-MHR, right [Hanson and 
Saurwein 2001]. 

Figure 8. Mechanical forces are shown in a
typical TRISO particle. 
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Figure 9. An example of how the use of ZrC improves TRISO deep-burn
performance, left to right: replace SiC with ZrC, use as a getter in the
buffer, use as a getter and barrier around the kernel. 

Figure 10. Migration of a UO2 kernel in a TRISO particle [Maki et al. 2007]. 
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Figure 11. Schematic representation of the corrosion mechanism of the SiC layer by the FP Pd in a TRISO 
particle [Minato et al. 1990]. 
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Figure 12. Pd penetration rate into SiC as a function of the inverse temperature, based on 
international data [Maki et al. 2007]. 

Figure 13. Photomicrographs of large thru-wall columnar SiC
grains and smaller SiC grains produced in UCO fuel. 
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Figure 14. Examples of IMF fuel pellets. (Left) spinel based IMF
with a heterogeneous micro dispersion (<25m) and (right)
spinel with heterogeneous macro-dispersion (>100m) of fuel
spheres that can be seen at the surface of the pellet. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Examples of cross-sections of a macro-dispersed IMF (left)
using microspheres ~100 m Ø of fuel and a micro-dispersed IMF
(right) using crushed <25 m Ø of the same fuel microspheres. 



P.E.A. Turchi, LIFE Materials, Volume 3, LLNL-TR-410158 

 50

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 16. Three points are shown in this illustration: (blue) represents successful
experience with TRISO fuels achieving FIMA of ~20% using LEU; (green) successful
exploratory research with TRISO fuels burning HEU or Pu, or Pu+MA to FIMA of
~70%; and (red) represents the goal for achieving ultra-high burn-up (FIMA>90%) for
LEU or NEU TRISO fuels in hybrid reactors.  While high burn-up is a specific
challenge because most of the fuel is FP at EOL, the radiation effects from the large
neutron fluence also represents an additional challenge to the materials design. 
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Figure 17.  US VHTR and German HTGR fuels operating envelope compared with LIFE 
requirements [Maki et al. 2007, Latkowski 2008]. Note that power density, burn-up, and fast-
fluence axes are on a log scale. 

 

    
 
 
 
 

Figure 18. Evolution of fuel components with FIMA (i.e., time or burn-up). 
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Figure 19. Failure mechanisms and their pathways for standard TRISO particles [General Atomics 
2006]. 
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Figure 20. Main issues that affect the performance of a TRISO particle. 
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Figure 21. Schematics of a solid hollow core fuel pebble. 

Figure 22. Schematics representation of IMF version proposed for thermal and fast reactors 
[Savchenko et al. 2008c, Savchenko and Konovalov 2008]. Impregnation (left), capillary 
impregnation (middle), and impregnation of a Zr matrix (right). 
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Figure 23. Schematics representation of IMF version originally proposed for thermal reactor 
[Savchenko et al. 2008c]. Cross section of fuel element with heterogeneous arrangement of 
fuel (left), microstructure of UO2 fuel sample (middle), and microstructure of sample of 
heterogeneously arranged fuel element with UO2 in a Zr-based matrix, Zr-6.2Fe-02.5Be 
(right) [Savchenko et al. 2006a, Savchenko et al. 2006b].

Figure 24. Schematics representation of heterogeneous fuel arrangement within the pores of 
a Zr-based alloy frame [Savchenko et al. 2008c]. Microstructure of Zr porous matrix 
fabricated by capillary impregnation from Zr powder (left), Zr granules (middle), and U-
PuO2 dispersion (with PuO2 located schematically in the pores) [Savchenko et al. 2008c]. 
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Figure 25. Appearance of the initial components of the combined U-PuO2 fuel: (a) U-Mo alloy 
granules, (b) Zr-Fe-Cu alloy matrix granules, and (c) PuO2 powder manufactured by pyro-chemical 
method [Savchenko et al. 2006a, Savchenko et al. 2008a]. 

Figure 26. Example of a process-flow sheet of fuel-element fabrication by a capillary-impregnation 
method [Savchenko et al. 2007a]. 
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Figure 27. U-PuO2 dispersion combined fuel, in replacement of MOX fuel, and fabrication stages 
[Savchenko et al. 2008a]. 
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Figure 28. Flow chart describing the relations between thermodynamic and kinetic studies and 
properties and performance of advanced metallic nuclear fuels.
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Appendix A. Thermo-Calc and CALPHAD Modeling 
 

Thermo-Calc version R is a commercially available software code [1] that fulfills the need for 
critical modeling and analysis of data to: 

• Produce, refine, and analyze multi-component phase diagrams of alloys at relevant 
temperatures for predicting phase stability properties. 

•   Determine the solidification path and long-term aging of alloys. 

• Generate isothermal sections of multi-component alloy phase diagrams at relevant 
temperatures, isopleths, and property diagrams (phase fractions as functions of temperature), and 
composition versus temperature for all stable and metastable phases forming. 

• Simulate phase transformations according to the Scheil-Gulliver model (for which local 
equilibria, infinite diffusion in the liquid phase, and no back diffusion in the solid phase are 
assumed). 

Thermo-Calc is specially designed for systems with strongly non-ideal phases. It has gained a 
worldwide reputation as the best software application for calculation of multi-component phase 
diagrams. It is the only commercially available software that can calculate arbitrary phase 
diagram sections with up to five independent variables in multi-component systems. There are 
also modules to calculate many other types of properties, such as, Scheil-Gulliver solidification 
simulations, Pourbaix diagrams, partial pressures in gases, and more. 

In the CALPHAD approach [2-5], the Gibbs energy of individual phases is modeled, and the 
model parameters are collected in a thermodynamic database. It is the modeling of the Gibbs 
energy of individual phases and the coupling of phase diagram and thermo-chemistry that make 
the CALPHAD a powerful technique in computational thermodynamics of multi-component 
materials.  Models for the Gibbs energy are based on the crystal structures of the phases. For 
pure elements and stoichiometric compounds, the most commonly used model is the one 
suggested by the Scientific Group Thermodata Europe (SGTE) [6] and has the following form 
(for simplicity, the pressure dependence and the magnetic contribution are not shown here), 

Gm Hm
SER  a bT  cT ln(T) diT

i  (A.1) 

The left-hand side of Eq. A.1 is defined as the Gibbs energy relative to a standard element 
reference state (SER), where   Hm

SER is the enthalpy of the element in its stable state at 298.15 K 
and 1 bar of pressure.  Coefficients, a, b, c, and di are the model parameters. The SGTE data for 
all the pure elements of the periodic table have been compiled by Dinsdale [6]. 

For multi-component solution phases, the Gibbs energy has the following general expression [3-
5], 

  G Go G mix
ideal Gmix

xs  (A.2) 

where   G
o  is the contribution from the mechanical mixing of the pure components,   G mix

ideal is the 

ideal mixing contribution, and   G mix
xs  is the excess Gibbs energy of mixing due to non-ideal 

interactions. Sublattice models have been widely used to describe solution phases [3,4]. For 
example, for a simple phase with two sublattices in an A-B binary system where the two 
components enter both sublattices, the sublattice model is written as (A,B)p(A,B)q, where 
subscripts p and q denote the number of sites of each sublattice.  More specifically, the three 
terms in Eq. A.2 are written as, 
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Go  yA
I yA

II GA :A
o  yA

I yB
II GA :B

o  yB
I yA

II GB :A
o  yB

I yB
II GB :B

o  (A.3) 

  
G mix

ideal  pRT yA
I ln yA

I  yB
I ln yB

I  qRT yA
II ln yA

II  yB
II ln yB

II  (A.4) 

  
G mix

xs  yA
I yB

I yA
II LA, B:A

k (yA
I  yB

I )k

k 0
  yB

II LA,B:B
k (yA

I  yB
I )k

k 0












 

  
yA

II yB
II yA

I LA:A,B
k (yA

II  yB
II )k

k 0
  yB

I LB:A, B
k (yA

II  yB
II )k

k 0












 (A.5) 

where yI and yII are the site fractions of A or B in the first and second sublattices, respectively.  

  GI:J
o  is the Gibbs energy of the compound IpJq, expressed by Eq. A.1.   LA,B:*

k  (  L*:A,B
k ) is the kth 

order interaction parameter between component A and B in the first (second) sublattice.  In this 
notation, a colon separates components occupying different sublattices, and a comma separates 
interacting components in the same sublattice. These equations can be generalized for phases 
with multi-components and multi-sublattices, and they reduce to a random substitutional model 
when there is only one sublattice. 

For a multi-component solution in a particular phase � described with a single sublattice model, 
the three contributions to the total Gibbs energy reduce to [3,4]: 

  

Go  cI
I
 GI

o  

  

Gmix
ideal RT cI

I
 lncI  (A.6) 

  

Gmix
xs  cI

J I
 cJ

I
 LI,J

k

k
 cI  cJ k

 

where the molar Gibbs energy of mixing is expressed by a Redlich-Kister expansion [7].   In 
these expressions   cI  is the composition of the alloy in species I, and the   LI,J

k  is the kth-order 
binary interaction parameter between species I and J expressed as a polynomial in temperature T. 
Note that in both sets of expressions the excess Gibbs energy due to non-ideal contributions is 
expressed within the Muggianu approximation [8]. 

Finally for stoichiometric compounds, the Gibbs energy only depends on temperature and is 
simply given by 
CompG(T)CompG0(T)  cI HI

SER (298.15K)
I



 a  bT  cI
 I GI

0(T)  HI
SER (298.15K) 

I


 (A.7) 

Data generated with the Thermo-Calc software also provide the basis for more accurate 
predictions of diffusion kinetics and ultimately TTT (temperature-time-transformations) 
diagrams with the DICTRA software [1] by assuming diffusion both in the liquid and the solid 
phase. Note that the results of both equilibrium solidification and Scheil-Gulliver simulations 
generated by Thermo-Calc correspond to upper and lower bounds for the DICTRA results. 

Input thermodynamic data files used by Thermo-Calc are: KP (Kaufman binary alloys database), 
SSOL (Scientific Group Thermodata Europe, or SGTE, solution database), from published 
journals, and/or from qualified sources. Here to describe the alloy systems that are relevant for 
addressing phase formation and transformations in solid fuels, and stability of molten salts in the 
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presence of fissile and fertile nuclear fuels and fission products, a thermodynamic database was 
developed based on available data on phase diagrams from relevant literature [9,10]. 
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Appendix B. Thermodynamic Database for Solid Fuel Modeling 
 

It is anticipated that the evolution of fuel composition with burn-up (or FIMA) will have 
important consequences on materials performance. Therefore, compatibility issues between fuel 
materials and their surrounding will have to be addressed, especially because of the wide range 
of FP that will form as a function of time. The fuel integrity will be affected by phenomena such 
as kernel migration, amoeba effect, limited solubility, low melting of protective layers, and 
precipitation of deleterious phases. These phenomena will consequently affect the mechanical 
integrity of the fuel particle (e.g., stress swelling, cracking, etc.).  Hence, it is important to gain a 
fundamental knowledge on the thermodynamic properties of complex multi-component 
mixtures, the composition of which evolves with time. In addition, the thermo-mechanical 
behavior of fuel particles is function of CO, CO2, and FG release whose gas pressures must be 
well known to calculate the stresses. In addition, the chemical state of the FP and their diffusion 
coefficients that influence thermal conductivity, creep, and melting point of the fuel must be 
determined. Also, to account for the role of FP on CO and CO2 release, and to understand, 
control, and predict the chemical interactions in the irradiated fuel particle and the escape of FP 
from a defective fuel under normal and accidental conditions, the thermodynamic properties of 
all gas, liquid, and solid phases, and the associated phase diagrams of these complex system, fuel 
particle + FP, have to be assessed. 

As a first step towards this goal, an effort has been put in developing a fully V&V 
thermodynamic database that includes the following elements: C, O, Pd, Pu, Si, U, and Zr. The 
status of this database is given in Table B.1, together with the references to the data that are 
available in the literature. This database will be used to address issues on solid fuels, and will 
serve as input to kinetic studies for predicting the time evolution of fuel phases under LIFE 
conditions, in the case of the three main options that have discussed in the body of the report, 
i.e., TRISO, SHC and IMF. Note that a similar activity has been initiated to address the specific 
issues raised in the case of molten salt fuels. 

 

 C O Pd Pu Si U Zr 
C        
O        
Pd        
Pu        
Si        
U        
Zr        

 

 

 

To address several important and immediate issues, and in particular the Pd attack in TRISO 
particle, an interim thermodynamic database that is not fully validated has been put in place. The 
status of this database is given in Table B.2. Note that for this database, the number of binaries 

Table B.1. Current status of the thermodynamic database under development for solid fuels. In 
red are the binary combinations that have been fully assessed and validated by experimental 
data. 
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(ternaries) that need to be thermodynamically assessed has been reduced to 15 (20), compared 
with 21 (35), for the V&V database given in Table B.1 
 

 C O Pd Si U Zr 
C       
O       
Pd       
Si       
U       
Zr       

 
 
 
 

In the case of the V&V thermodynamic database given in Table B.1, there is a need to describe 
the following binaries, and validate, whenever experimental data are available, the ternary 
combinations of alloy species. In Figs. B.1-3 a sample of the binary phase diagrams that have 
been fully thermodynamically assessed so far are shown. These phase diagrams and the 
thermodynamic data on which they are based are in excellent agreement with experimentally 
available data. 

 It is worth noting that although most of the binaries that are relevant for studying the 
thermodynamic properties of solid nuclear fuels are available in the literature, the bulk of the 
effort needs to concentrate on making the thermodynamic models on which the thermodynamics 
of the binary combinations relies on fully compatible before multi-component materials can be 
examined. 

A thorough compilation of existing thermodynamic data that were used to develop a consistent 
V&V thermodynamic database with, initially the seven elements selected in Table B.1 is 
presented in the following. Some additional elements have been included in the compilation 
since it is anticipated that future investigations will require this thermodynamic information. 

 

Table B.2. Interim thermodynamic database for solid fuels. In red are the binary combinations that 
have been thermodynamic described.
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Figure B.1. CALPHAD assessment results of the O-U, O-U, C-Pu, and Pu-U binary phase diagrams. 
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Figure B.2. CALPHAD assessment results of the Pd-C, Si-C, Pd-Si, Zr-Si, Zr-C, and Pd-Zr binary phase 
diagrams. 
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Figure B.3. CALPHAD assessment results of the Pu-Zr and U-Zr binary phase diagrams. 

 
Based on the 7 elements indicated in Table B.1, 21 binaries need to be fully assessed, and among 
the 35 ternary systems, the most important ones have been confirmed experimentally in some (if 
not in the entire) alloy composition field and will be used to validate the CALPHAD predictions. 
 

Binaries (21) 

C-O – C-Pd – C-Pu – C-Si – C-U – C-Zr 

O-Pd – O-Pu – O-Si – O-U – O-Zr 

Pd-Pu – Pd-Si – Pd-U – Pd-Zr 

Pu-Si – Pu-U – Pu-Zr 

Si-U – Si-Zr 

U-Zr 

 

Ternaries (35) 

C-O-Pd – C-O-Pu – C-O-Si – C-O-U – C-O-Zr 

C-Pd-Pu – C-Pd-Si – C-Pd-U – C-Pd-Zr 

C-Pu-Si – C-Pu-U – C-Pu-Zr 

C-Si-U – C-Si-Zr 

C-U-Zr 

O-Pd-Pu – O-Pd-Si – O-Pd-U – O-Pd-Zr 
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O-Pu-Si – O-Pu-U – O-Pu-Zr 

O-Si-U – O-Si-Zr 

O-U-Zr 

Pd-Pu-Si – Pd-Pu-U – Pd-Pu-Zr 

Pd-Si-U – Pd-Si-Zr 

Pd-U-Zr 

Pu-Si-U – Pu-Si-Zr 

Pu-U-Zr 

Si-U-Zr 
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